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Differentiating cells can dedifferentiate to replace
stem cells in aged or damaged tissues, but the
underlying mechanisms are unknown. In the
Drosophila testis, a cluster of stromal cells called
the hub creates a niche by locally activating Janus
kinase-signal transducer and activator of transcrip-
tion (Jak-STAT) signaling in adjacent germline and
somatic stem cells. Here, we establish a system to
study spermatogonial dedifferentiation. Ectopically
expressing the differentiation factor bag-of-marbles
(Bam) removes germline stem cells from the niche.
However, withdrawing ectopic Bam causes intercon-
nected spermatogonia to fragment, move into the
niche, exchange positions with resident somatic
stem cells, and establish contact with the hub.
Concomitantly, actin-based protrusions appear on
subsets of spermatogonia, suggesting acquired
motility. Furthermore, global downregulation of Jak-
STAT signaling inhibits dedifferentiation, indicating
that normal levels of pathway activation are required
to promote movement of spermatogonia into the
niche during dedifferentiation, where they outcom-
pete somatic stem cells for niche occupancy.
INTRODUCTION
Adult stem cells divide asymmetrically, producing both stem
cells and differentiating cells that usually undergo clonal amplifi-
cation (or transit amplification) before fully differentiating to
regenerate tissues. Differentiation is generally considered irre-
versible. However, increasing evidence suggests that transit-
amplifying cells show flexibility in their commitment toward
differentiation (Raff, 2003). The reversion of a more differentiated
cell back to a less-differentiated state, or dedifferentiation, has
classically been studied during amphibian regeneration (Straube
and Tanaka, 2006). Recent examples include the conversion of
cultured adult human fibroblasts into induced pluripotent stem
cells (Nishikawa et al., 2008). Within stem cell niches, most of
what is known of dedifferentiation comes from studies of the
Drosophila ovary and testis (Fuller and Spradling, 2007; Morrisonand Spradling, 2008). In these tissues, lost germline stem cells
(GSCs) are replenished by the reversion of differentiating germ
cells (Brawley and Matunis, 2004; Kai and Spradling, 2004).
Dedifferentiation also sustains GSC replacement in wild-type
testes during aging (Cheng et al., 2008) and has recently been
shown to occur in the mouse testis (Nakagawa et al., 2007;
Barroca et al., 2008), indicating that this process is a highly
conserved feature of stem cell niches.
The cellular and molecular composition of the Drosophila
testis niche is well characterized (Fuller, 1998; Li and Xie,
2005). The testis apex contains9 GSCs that adhere to a cluster
of quiescent somatic cells called the hub. The hub creates a stem
cell niche by secreting the ligand Unpaired (Upd), which acti-
vates the Jak-STAT signaling pathway in adjacent cells to
promote stem cell maintenance (Kiger et al., 2001; Tulina and
Matunis, 2001; Leatherman and DiNardo, 2008). GSC divisions
are oriented such that one daughter maintains contact with the
hub while the other is displaced, becoming a gonialblast (Yama-
shita et al., 2003). Gonialblasts undergo four mitotic divisions
with incomplete cytokinesis, producing clusters of 16 intercon-
nected spermatogonia, which give rise to spermatocytes and
ultimately to sperm (Fuller, 1998). Approximately 20 cyst progen-
itor cells (CPCs) also attach to the hub, generating a continuous
supply of nonmitotic somatic support cells called cyst cells
(Hardy et al., 1979; Go¨nczy and DiNardo, 1996). A pair of cyst
cells envelops each gonialblast and its progeny, providing
signals mediating differentiation (Matunis et al., 1997).
We serendipitously found that spermatogonia can revert to
GSCs by manipulating the levels of the stem cell maintenance
factor STAT92E. Conditionally removing STAT92E causes
GSCs to differentiate into spermatogonia. However, if STAT92E
function is restored while spermatogonia remain in the tissue,
testes completely lacking GSCs regain newGSCs. Spermatogo-
nial cysts, which remain adjacent to the hub under these condi-
tions, fragment into single cells that become functional GSCs
(Brawley and Matunis, 2004). To elucidate the mechanisms
underlying dedifferentiation, we sought to identify additional
cases in which it occurs. Here, we find that spermatogonial
dedifferentiation can be induced at high levels in the Drosophila
testis by conditionally manipulating the differentiation factor
bag-of-marbles (Bam).
Bam protein is required for germ cell differentiation. Ovaries or
testes lacking Bam accumulate undifferentiated stem-like cells
or spermatogonia, respectively (McKearin and Spradling, 1990;
Go¨nczy et al., 1997). In both systems, bonemorphogenic proteinCell Stem Cell 5, 191–203, August 7, 2009 ª2009 Elsevier Inc. 191
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Dedifferentiation in the Testis Stem Cell NicheFigure 1. Ectopic Bam Expression Causes Progressive GSC Loss Due to Differentiation
(A–F) Hs-bam testes stained with Vasa (red, germ cells); Armadillo (green, hub, asterisk); 1B1 (green, fusomes); and DAPI (blue, nuclei).
(A) Without heat shocks, testes are indistinguishable from wild-type and contain GSCs (arrowhead) and CPCs (arrow); spermatogonial cysts and spermatocytes
are positioned progressively further from the hub.192 Cell Stem Cell 5, 191–203, August 7, 2009 ª2009 Elsevier Inc.
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tion in GSCs (Chen and McKearin, 2003; Kawase et al., 2004).
Consistent with this finding, ectopic Bam is necessary and suffi-
cient to induce differentiation of GSCs in the ovary and loss of the
germline lineage in the testis (Ohlstein and McKearin, 1997; Kai
and Spradling, 2003; Kawase et al., 2004; Schulz et al., 2004;
Flatt et al., 2008). Furthermore, conditional manipulation of
Bam expression causes differentiating germ cells to revert to
GSCs in the larval ovary (Kai and Spradling, 2004). However, it
was not known whether manipulating Bam expression in the
testis could induce spermatogonial dedifferentiation. Here, we
show that conditional manipulation of Bam expression triggers
dedifferentiation and that this process involves both signaling
from the stem cell niche and dynamic cellular rearrangements,
including displacement of somatic stem cells by spermatogonia.
RESULTS
Ectopic Expression of Bam Induces GSC Differentiation
in the Testis
Spermatogonia can revert to GSCs in wild-type testes, replen-
ishing GSCs lost due to turnover (Wallenfang et al., 2006; Cheng
et al., 2008). This process occurs infrequently and is not under-
stood mechanistically; therefore, we sought to establish a novel
system in which multiple dedifferentiation events could be
studied. Ectopic expression of the differentiation factor Bam
causes GSC loss. We hypothesized that, if testes subjected
to ectopic Bam still contained spermatogonia, withdrawal of
ectopic Bam could stimulate their reversion to GSCs. Because
this would require dose-dependent, reversible manipulation of
Bam levels, we assessed the level and distribution of this protein
before, during, and after administration of heat shocks in testes
from flies expressing bam under the control of the Hsp70
promoter (referred to as Hs-bam) (Ohlstein and McKearin,
1997). Before heat shock, Bam was enriched in the cytoplasm
of late two-cell through late eight-cell spermatogonia, whereas
GSCs and older spermatocytes lacked Bam (Figure S1A avail-
able online)—a distribution indistinguishable from that seen in
wild-type (Go¨nczy et al., 1997; Kiger et al., 2001; Brawley and
Matunis, 2004; Kawase et al., 2004; Schulz et al., 2004). After
two heat shocks, Bam was detected in most cells within the
testis, notably in GSCs (Figure S1B). Bam levels increased with
additional heat shocks (Figure S1C). However, the level and
distribution of Bam returned to wild-type after heat-shocked flies
were returned to 18C for 6 days (Figure S1D). We conclude that
this approach produces high levels of transient ectopic Bam
throughout the testis.
We next asked whether incrementally increasing the level of
ectopic Bam yields a corresponding change in the number of
GSCs in the testis. Progressively higher numbers of heat shocks
were administered to Hs-bam flies, and GSCs and spermato-
gonia were quantified by immunostaining and serial confocalmicroscopy. A cell was classified as a GSC if it was located adja-
cent to the hub, expressed the germ-cell-specific marker Vasa,
and contained a spherical fusome. The fusome is a germ-cell-
specific organelle that is rich in cytoskeletal components and
spherical in GSCs and gonialblasts but elongates and eventually
branches in two- to 16-cell spermatogonia (Lin et al., 1994;
Hime et al., 1996; de Cuevas et al., 1997). Testes from Hs-bam
flies contained a full complement of GSCs before heat
shocks (Figure 1A, arrowhead) but progressively lost GSCs
with increasing numbers of heat shocks (Figures 1B–1G). GSC
numbers were unaffected in control flies processed in parallel
(Figure 1G), indicating that GSC loss was specifically due to
ectopic Bam expression.
Lost GSCs could differentiate into spermatogonia or die. To
distinguish between these possibilities, we assayed for apoptotic
cells within testes using TUNEL (terminal deoxynucleotidyl trans-
ferase fluorescein-dUTP nick end labeling). TUNEL-positive
GSCs were not observed in heat-shocked testes from either
control or Hs-bam flies (n > 46) (Figures 1I and 1J), suggesting
that GSCs differentiated rather than died. However, the assay
was working appropriately because TUNEL-positive spermato-
gonial cysts were found in both control and Hs-bam testes, as
expected (Figures 1I and 1J) (Brawley and Matunis, 2004).
Furthermore, as the number of heat shocks increased, there
was a gradual loss of early germ cells, rather than an accumula-
tion of anyparticular stage (Figure 1H). Thus,GSCs likely differen-
tiate under these conditions.
Previous experiments have shown that spermatogonia, but not
spermatocytes, can revert to functional GSCs (Brawley and
Matunis, 2004). Thus, we sought conditions in which Hs-bam
testes lacked GSCs yet contained spermatogonia. After five heat
shocks, Hs-bam flies contained an average of 0.7 ± 1.0 GSCs/
testis (n = 74), and 53% of testes had no GSCs. However, the
average number of spermatogonial cysts/testis was 9.9 ± 2.2
(n = 25). Because additional heat shocks impaired adult viability
and yielded testes containing few spermatogonia (see below),
five heat shocks were used for all subsequent experiments.
Somatic Stem Cells Fill the Area Adjacent to the Hub
as GSCs Are Lost
Upon ectopic Bam expression, differentiating spermatogonia
were not always found next to the hub, as occurs when STAT92E
function is withdrawn (Brawley and Matunis, 2004). In many Hs-
bam testes, spermatogonia were displaced from the niche, and
as the number of GSCs decreased, a population of Vasa-nega-
tive somatic cells became apparent in the region surrounding
the hub (Figures 1B–1F, arrows). To characterize these somatic
cells, we immunostained testes for the transcription factor zinc
finger homeodomain 1 (Zfh-1), which is highly enriched in
CPCs (Leatherman and DiNardo, 2008). Before heat shock,
Hs-bam testes contained 28.5 ± 1.9 (n = 24) Zfh-1-positive
cells/testis apex (Figure 2A). After heat shock, this number did(B–F) Increasing heat shocks depletes GSCs, but spermatogonial cysts and Vasa-negative cells (arrows) remain.
(G) The average number of GSCs/testis (± SD) falls with increasing ectopic Bam expression.
(H) The average number of GSCs, gonialblasts, and two-cell cysts/testis (± SD) inversely correlates with the number of heat shocks.
(I and J) Testes stained with TUNEL labeling (green, apoptotic cells); DAPI (blue, nuclei); Fasciclin III (red, hub, asterisk). TUNEL-positive GSCs were not detected
in wild-type or Hs-bam testes after five heat shocks; apoptotic spermatogonial cysts were observed as expected.
Scale bars, 10 mm.Cell Stem Cell 5, 191–203, August 7, 2009 ª2009 Elsevier Inc. 193
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Because CPCs are mitotically active, unlike their differentiating
daughters (cyst cells), an additional hallmark of CPC identity is
the ability to incorporate BrdU (Go¨nczy and DiNardo, 1996).
BrdU-positive somatic cells were detected adjacent to the
hub in 77% (n = 23) of Hs-bam testes following GSC depletion
(Figure 2B, inset). Finally, the transcription factor eyes absent
(Eya), which marks cyst cells, but not CPCs (Fabrizio et al.,
2003; Leatherman and DiNardo, 2008), was undetectable in
the somatic cells surrounding the hub both before and after
heat shock (Figure 2C and 2D). Together, these data indicate
that ectopic Bam does not alter the number of CPCs or trigger
their premature differentiation.
These results were confirmed and extended by introducing
three different GFP-protein trap lines into Hs-bam flies (Figures
2E–2L). Expression of the hub-specific GFP-protein trap line
CB03470 revealed that the number and appearance of hub cells
were unaffected in our assay (Figure 2E and 2F) (22.8 ± 1.6, n =
10, versus 24.6 ± 1.6, n = 9, hub cells/testis before and after heat
shock, p = 0.96). Line CC03690, which marks the nuclei of hub
and early somatic cells, appeared similar before and after heat
shock, except that the early somatic cell nuclei were closer to
the hub after heat shock (Figures 2G and 2H). Line CC01872,
which highlights the cytoplasm of hub and early somatic cells,
revealed that the fine extensions that CPCs normally extend
toward the hub (Figure 2I, inset, arrowhead) (Hardy et al., 1979)
were replaced by broad areas of contact (Figure 2J). In conclu-
sion, although ectopic Bam causes GSCs to differentiate, hub
cells and CPCs remain at constant levels in the niche, but
CPCsmove in to fill the area surrounding the hub uponGSC loss.
Spermatogonial Dedifferentiation Gives Rise to New
GSCs upon Withdrawal of Ectopic Bam
We next asked whether testes from Hs-bam flies that had been
depleted of GSCs could regain them after recovery at 18C. After
1 day of recovery, the average number of GSCs fell to 0.1 ± 0.3,
and only 10% of testes contained any GSCs (Figures 3D and
3E). This observation suggests that GSCs continue to differen-
tiate after the last heat shock, likely due to perdurance of ectopic
Figure 2. Ectopic Bam Expression Alters the Position, but Not the
Number or Identity, of Somatic Cells within the Niche
(A–J) Expression of markers in testes from Hs-bam flies before (A, C, E, G, I) or
after (B, D, F, H, J) induction of ectopic Bam. Hubs are outlined in all panels.
(A and B) Zfh-1 marks CPC nuclei before heat shock; these appear closer to
the hub following heat shock.
(B, inset) Somatic (Vasa-negative) nuclei adjacent to the hub incorporate BrdU
(green) in vitro after five heat shocks.
(C and D) Mature cyst cells normally express Eya; this marker remains off in
somatic cells adjacent to the hub after induction of ectopic Bam.
(E and F) The hub marker CB03470 is unchanged after heat shocks, indicating
that somatic cells adjacent to the hub do not acquire hub cell identity under
these conditions.
(G and H) CB03690 marks CPC and hub cell nuclei. CPC nuclei are closer to
the hub after expression of ectopic Bam.
(I and J) CC01872 is predominantly expressed throughout somatic cells,
revealing thin cytoplasmic extensions on CPCs (arrow, inset) contacting the
hub. After heat shock, the distribution of CC01872 is altered, with GFP-positive
somatic cells surrounding and broadly contacting the hub.
Scale bars, 10 mm.
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Dedifferentiation in the Testis Stem Cell NicheFigure 3. Spermatogonial Dedifferentiation Occurs upon Withdrawal of Ectopic Bam
(A–C) Vasa (red) marks germ cells, Fasciclin III (green) marks the hub (asterisk), 1B1 (green) marks fusomes, and DAPI (blue) marks nuclei. (A) One day after
withdrawal of ectopic Bam, niches are often filled with somatic cells but become indistinguishable from wild-type by (B) 4 and (C) 6 days of recovery.
(D and E) (D) The average number of GSCs/testis (± SD) and (E) the percentage of testes containing GSCs rise during recovery.
(F and G) Anillin (green) marks ring canals, Fasciclin III and 1B1 (red) mark the hub and fusomes, respectively, and DAPI (blue) marks nuclei in testes fromHs-bam
flies. (F) Before heat shock, stable ring canals are observed in spermatogonial cysts (arrow); smaller transient ring canal remnants are only apparent between
GSC-gonialblast pairs (open arrowhead). (G) After five heat shocks and 2 days of recovery, ring canal remnants appear in cells near the hub (two visible in
this focal plane, arrowheads, insets); open ring canals remain in spermatogonial cysts displaced from the hub (arrow).
Scale bars, 10 mm.Bam. Consistent with this finding, the area adjacent to the hub
remained full of somatic cells inmost testes (Figure 3A).However,
after 4 days of recovery, most testes contained both GSCs and
spermatogonial cysts adjacent to the hub (Figure 3B), and by
6 days of recovery, most were phenotypically indistinguishable
from wild-type (Figures 3C and 3D).Missing GSCs could be regained either by dedifferentiation of
spermatogonia or by division of remaining GSCs. To distinguish
between these possibilities, we determined the percentage of
testes containing any GSCs during the entire experiment
(Figure 3E). If new GSCs arise via spermatogonial dedifferentia-
tion, testes devoid of GSCs (but not spermatogonia) beforeCell Stem Cell 5, 191–203, August 7, 2009 ª2009 Elsevier Inc. 195
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sole source of newGSCs, then the percentage of testes contain-
ing GSCs should not rise above that seen after GSC depletion.
Comparing the percentage of testes containing anyGSCs before
and after recovery eliminated the second possibility. After 1 day
of recovery, only 10% of testes (n = 60) contained any GSCs;
however, 86% contained GSCs after 5 or more days of recovery
(n = 203). Therefore, testes completely lacking GSCs are able to
generate new stem cells even in niches fully occupied by CPCs.
Our previous studies showed that spermatogonia, but not
spermatocytes, can regenerate missing GSCs (Brawley and
Matunis, 2004). Here, the presence of spermatogonia, but not
spermatocytes, also correlates with the ability of the testis to
regain missing GSCs. Administering 10 heat shocks reduced
the number of testes containing spermatogonia to 48% (n = 21),
and only 36% (n = 88) regainedGSCs uponwithdrawal of ectopic
Bam. Administering 15 heat shocks depleted spermatogonia
from all testes (n = 28), and none regained GSCs (n = 33).
Previous experiments have demonstrated that cysts in the
testis or ovary fragment during dedifferentiation, generating
multiple ring canal remnants near the stem cell niche (Brawley
and Matunis, 2004; Kai and Spradling, 2004; Cheng et al.,
2008). Ring canals, which are normally transient between GSCs
and their daughters but stable between differentiating germcells,
can be detected by immunostaining for the Anillin protein (Field
and Alberts, 1995; Hime et al., 1996; de Cuevas and Spradling,
1998). Before ectopic Bam expression, Hs-bam testes contain
ring canals indistinguishable from wild-type, with transient
remnants between GSCs and gonialblasts (Figure 3F, open
arrowhead) and stable, open ring canals between interconnected
spermatogonia (Figure 3F, arrow). Importantly, remnants are only
detected between GSC-gonialblast pairs adjacent to the hub. In
contrast, when testes depleted of GSCs via ectopic Bamexpres-
sion are allowed to recover, multiple ring canal remnants are
detected in germ cells near, but not necessarily adjacent to, the
hub, beginning at 2 days of recovery (Figure 3G, arrowheads
and Table 1). Such remnants could be products of either GSC
division or spermatogonial breakdown. However, at 2 days of
recovery, we observed 26 ring canal remnants in 20 recovering
testes containing an estimated total number of 7 GSCs. These
remnants cannot all be products of GSC divisions, given that
there are more than three times as many remnants as GSCs.
Instead, most must be products of spermatogonial breakdown.
Consistent with our observation that most testes regain a full
complement of GSCs by 6 days of recovery, remnants were not
readily apparent at this time point (Table 1). Thus, withdrawal of
ectopic Bam causes spermatogonial cysts near the hub to
fragment and regenerate missing GSCs in a gradual process of
dedifferentiation spanning 5 or 6 days.
Spermatogonia Do Not Require Contact with the Hub
to Initiate Dedifferentiation
When GSCs are depleted via conditional loss of STAT92E, each
testis contains spermatogonia in close association with the hub,
and these cysts are thought to undergo dedifferentiation (Braw-
ley and Matunis, 2004). In contrast, many Hs-bam testes
depleted of GSCs appeared to lack germ cells contacting the
hub (e.g., Figure 1D), suggesting that spermatogonia do not
require intimate contact with the hub in order to dedifferentiate.196 Cell Stem Cell 5, 191–203, August 7, 2009 ª2009 Elsevier Inc.However, accurate determination of germ cell position was diffi-
cult using the cytoplasmic marker Vasa. Thus, we assessed the
distribution of the actin cytoskeleton in germ cells by expressing
the actin-binding domain of Moesin fused to GFP (GMA) using
the germ-cell-specific nanos-Gal4-VP16 driver (Van Doren
et al., 1998; Dutta et al., 2002). GMA localized to the cortex of
germ cells, facilitating accurate quantification of germ cell posi-
tion with respect to the hub in Hs-Bam flies (Figure 4A).
All testes from both Hs-bam; nanos-Gal4-VP16; UAS-GMA
and control flies contained germ cells located within 3 mm of
the hub (n = 46) before expression of ectopic Bam. After ectopic
Bam expression, only 60% of Hs-bam; nanos-Gal4-VP16; UAS-
GMA testes still contained germ cells within 3 mm of the hub (n =
46). Thus, the remaining 40% of testes contained hubs entirely
surrounded by somatic cells (Figures 4B and 4C). Nonetheless,
upon withdrawal of ectopic Bam, germ cells returned to the
hub, and all testes contained germ cells at the hub by 7 days
of recovery (n = 51, Figures 4C and 4D). A Fisher’s exact test
showed that the percentage of testes containing germ cells con-
tacting the hub was significantly different before and after 7 days
of recovery (p = 6 3 108). Thus, even testes with no germ cells
contacting the hub regain a full complement of new stem cells
upon withdrawal of ectopic Bam.
A Subset of Spermatogonia Acquire Dynamic
Actin-Based Protrusions in Testes Undergoing
Dedifferentiation
Given that our results indicated that cellular rearrangement
accompaniesdedifferentiation,we further characterized the local-
ization of GMA within germ cells during this process. In control
testes, GMA localized to the cell cortex of all germ cells and was
enrichedat cell contactsbetweenGSCsand the hubandbetween
interconnected spermatogonia (Figure 4A). GMAwasunpolarized
with respect to the hub in gonialblasts and their descendants.
Interestingly, short protrusions were apparent on all gonialblasts
(Figures 4A and 4A0, open arrowhead) and some early two-cell
cysts. These protrusionsmay be indicative of interactions of these
germ cells with CPCs or cyst cells and merit future studies.
In control testes, we did not see four-, eight-, or 16-cell sper-
matogonia with protrusions (n = 21, Figures 4A and 4F). In
Table 1. Ring Canal Remnants Indicate Spermatogonial
Fragmentation during Recovery
Number of Heat
Shocks, Days Recovery
Number
of Testes
Number
of GSCsa
Number of Ring
Canal Remnants
0, 0 22 257 3
5, 0 23 17 0
5, 1 21 2 0
5, 2 20 7 26
5, 3 18 23 8
5, 4 23 104 7
5, 6 18 175 0
Ring canal remnants were identified by immunostaining with Anillin; germ
cell ring canals were distinguished from their somatic counterparts by
colocalization of the germ-cell-specific marker 1B1.
aCalculated by multiplying the average number of GSCs (Figure 5D) by
the number of testes at each time point.
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spermatogonial cysts with fine actin-rich protrusions (Figure 4E,
inset) whose appearance correlated with the time course of
dedifferentiation (Figure 4F). Protrusions were found on one or
two cysts in testes in which they occurred, appeared on one
or multiple spermatogonia within a cyst, and were 0.2 microns
in diameter and 1 micron in length. Time-lapse imaging of live
testes undergoing dedifferentiation for 1.5 hr revealed that the
protrusions were dynamic (Figure S2). With this technique,
51% of testes undergoing dedifferentiation contained four-cell
spermatogonial cysts with protrusions (n = 35, Figures S2B
and S2C), compared to 8.3% of control testes (n = 24,
Figure S2A). Together, our data suggest that the ability of differ-
entiating germ cells to outcompete CPCs for niche occupancy
may be an active process involving the acquisition of motility
within a small subset of spermatogonia.
Partial Inhibition of Jak-STAT Signaling Disrupts
Spermatogonial Dedifferentiation
Because spermatogonia extending protrusions are found near,
but not necessarily contacting, the hub in testes undergoing
dedifferentiation, we considered that local signals from the niche
could facilitate dedifferentiation. Although Jak-STAT signaling
maintains GSCs and CPCs in this tissue (Kiger et al., 2001; Tulina
and Matunis, 2001; Leatherman and DiNardo, 2008), the role of
this or any other signaling pathway during spermatogonial dedif-
ferentiation was unknown. Having established a way to induce
dedifferentiation without manipulating Jak-STAT signaling, we
could now ask whether this pathway acts during the process.
Because complete loss of Jak-STAT signaling forces both
somatic and germline stem cells to differentiate, we sought to
partially inhibit this pathway by misexpressing the Jak-STAT
inhibitor suppressor of cytokine signaling 36E (SOCS36E) using
a UAS-SOCS36E transgene (Callus and Mathey-Prevot, 2002).
When combined with a strong germline driver, this transgene
recapitulated previous findings and caused GSC loss (0.4 ± 0.3
GSCs/testis, n = 12), a result consistent with loss of Jak-STAT
signaling (Kiger et al., 2001; Tulina and Matunis, 2001; Brawley
andMatunis, 2004; Terry et al., 2006). However, when combined
with an inducible Gal4 driver, this transgene gives moderate
constitutive expression of SOCS36E misexpression, as revealed
by coexpression of a UAS-GFP marker (Figure 5A) (see Experi-
mental Procedures for details). This moderate misexpression
did not cause a change in cell morphology or a significant loss
of GSCs compared to similarly heat-shocked sibling controls
(p = 0.71), suggesting that Jak-STAT signaling was not fully
abolished. Although both SOCS36E-misexpressing testes and
sibling controls had the same number of GSCs/testis (6.4 ±
0.3, n = 52 versus 6.3 ± 0.2, n = 35), they both had significantly
fewer GSCs compared to un-heat-shocked flies of the same
genotypes (11.8 ± 2.1 GSCs/testis, n = 32, p < 0.05), indicating
that the heat shock regime reduces GSC numbers. Importantly,
this GSC loss is not due to SOCS36E misexpression, so these
flies can be used to study spermatogonial dedifferentiation.
To determine the effect of ectopic SOCS36E on dedifferentia-
tion, we introduced the same inducible system to moderately
misexpress UAS-SOCS36E (described above) into the Hs-Bam
background. Testes from these flies were indistinguishable
from wild-type before heat shock (Figure 5B). Furthermore,upon heat shock (which induced ectopic Bam, SOCS36E, and
a GFP marker), testes lost GSCs but retained spermatogonia in
a manner indistinguishable from siblings expressing Bam alone
(Figures 5C and 5D, open arrowhead). In contrast, when assayed
for dedifferentiation via withdrawal of ectopic Bam, testes
expressing ectopic SOCS36E displayed a marked decrease in
their ability to regain new GSCs. The average number of GSCs
was significantly decreased after recovery compared to controls
(Figure 5E), and only 60% (n = 108) of SOCS36E-expressing
testes regained GSCs, compared to 97% (n = 35) of control
testes (Figure 5F). Together, these data strongly suggest that
global inhibition of Jak-STAT signaling inhibits spermatogonial
dedifferentiation.
To further confirm the requirement for Jak-STAT signaling
during dedifferentiation, we examined the distribution of the
STAT92E protein in testes, which reflects Jak-STAT pathway
activity and is enriched in GSCs and GSC-gonialblast pairs, but
not in spermatogonia (Chen et al., 2002; Boyle et al., 2007). The
distribution of STAT92E was indistinguishable from wild-type in
Hs-bam testes before heat shock. However, after heat shock,
STAT92E became visible in a few four- to 16-cell spermatogonial
cysts, andwe found a significant percentage of testes containing
four-cell spermatogonia with enriched STAT92E expression
during recovery (Figure S3 and Table S1). In all cases, spermato-
gonia enriched in STAT92E were located adjacent to the hub,
suggesting that Jak-STAT signaling is activated locally in sper-
matogonia near the testis apex during spermatogonial dediffer-
entiation. The pathway is likely upregulated in somatic cells
as well, given that STAT92E-positive somatic cells became
apparent after GSC depletion (Figure S3B).
These results above suggested that cells entering the GSC-
depleted niche are programmed to activate the Jak-STAT
pathway, implying that the ligand Unpaired might be present
during this process. We found that the level and distribution of
Upd mRNA was indistinguishable from wild-type in Hs-bam
testes throughout the dedifferentiation assay (Figure S4). These
results confirm our finding that Jak-STAT activation is involved
in dedifferentiation and suggest that syncytial spermatogonia
entering the niche respond to local Jak-STAT signaling by
expressingGSC factors before and/or during cyst fragmentation.
This is the first signaling pathway implicated in dedifferentiation,
and though future studies are needed to determine the cellular
cause(s) for this requirement, our results suggest that spermato-
gonial dedifferentiation is sensitive to partially reduced levels of
Jak-STAT signaling.
DISCUSSION
How cells that are committed to differentiate can revert to earlier,
less-differentiated cell types is a central question in stem cell
biology. Although dedifferentiation has been observed in both
invertebrates and vertebrates, much remains unknown about
the underlying cellular and molecular mechanisms. Here, we
establish a novel strategy for studying the reversion of spermato-
gonia to GSCs in the Drosophila testis. This work reveals that
a subset of spermatogonia gain access to niches completely
filled with somatic stem cells and regenerate missing GSCs in
an active process involving both cell movement and Jak-STAT
signaling.Cell Stem Cell 5, 191–203, August 7, 2009 ª2009 Elsevier Inc. 197
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Dedifferentiation in the Testis Stem Cell NicheFigure 4. Actin-Based Protrusions Appear in Four- and Eight-Cell Spermatogonial Cysts in Testes Undergoing Dedifferentiation
(A, B, D, and E) InHs-bam testes, GMAdrivenmarks cortical F-actin in germ cells (green); 1B1 (red) marks fusomes; Armadillo (red) marks the hub; and DAPI (blue)
marks nuclei (genotype: Hs-bam; nanos-Gal4-VP16/+; UAS-GMA/+). (A0, B0, D0, E0) GMA (green) channel.198 Cell Stem Cell 5, 191–203, August 7, 2009 ª2009 Elsevier Inc.
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Dedifferentiation in the Testis Stem Cell NicheDedifferentiation May Involve Concomitant Homing
into the Niche and Reversion to Stem Cell Identity
Selectively removing germline, but not somatic, stem cells from
the testis has yielded insight into unexpected properties of sper-
matogonia that likely facilitate their reversion to GSCs. It is
surprising that these cells can come from a distance to re-enter
niches completely full of somatic stem cells, given that sper-
matogonia in the Drosophila testis were previously considered
immotile. However, because germ cells ultimately exchange
positions with somatic stem cells during spermatogonial dedif-
ferentiation, cellular movement must be occurring. The presence
of dynamic protrusions on select spermatogonial cysts during
this process further supports this hypothesis and suggests that
some germ cells in testes lacking GSCs reacquire intrinsic prop-
erties of cell movement similar to those found in their embryonic
precursors, the primordial germ cells (Kunwar et al., 2006).
However, it is also plausible that protrusions do not represent
motility associated with movement into the niche but instead
reflect changes in encystment thatmust occur during dedifferen-
tiation. In this case, spermatogonia could remain immotile but
become ‘‘pushed’’ back into the niche by neighboring somatic
cells, which likely play an integral role in dedifferentiation, as dis-
cussed below. Interestingly, the spermatogonial protrusions
appear similar to those found on migrating somatic cells but
distinct from those seen on migrating primordial germ cells in
Drosophila (Dutta et al., 2002; Kunwar et al., 2006). The ability
to acquire motility may be a conserved feature of spermato-
gonia, as undifferentiated spermatogonia in mouse testes
actively migrate along the basement membrane (Yoshida et al.,
2007). Because spermatogonial dedifferentiation also occurs in
mammalian testes (Barroca et al., 2008), but has not yet been
visualized in vivo in any system, combining our genetic system
for inducing spermatogonial dedifferentiation with techniques
for sustained imaging of this tissue in vivo should provide impor-
tant mechanistic insights.
CPCs May Promote Spermatogonial Dedifferentiation
In general, stem cell transplantation is more efficient when
endogenous stem cells are first depleted from the tissue, sug-
gesting that it is necessary to create ‘‘space’’ within niches to
accommodate incoming cells (Bhattacharya et al., 2008; Oatley
and Brinster, 2008). Thus, it is surprising that niches filled with
somatic stem cells readily accept incoming germ cells in our
assay. Rather than obstructing the niche and preventing GSCs
from returning, CPCs may be conducive or even required for
niche repopulation. In support of this hypothesis, the presence
of somatic cells within the niche correlates positively with repo-
pulation efficiency. For example, manipulating the stem cell
maintenance factor STAT92E triggers spermatogonial dediffer-entiation but depletes CPCs from the niche. In this case, only
77% of testes can recover GSCs (Brawley and Matunis, 2004).
In contrast, manipulation of Bam triggers spermatogonial dedif-
ferentiation but leaves the pool of CPCs intact, and nearly all
testes (98%) recover GSCs. Somatic cells play a role in sper-
matogonial homing in the mammalian testis: b1 integrin is
required in both germline and somatic (Sertoli) cells during this
process (Kanatsu-Shinohara et al., 2008). In addition to providing
regulatory cues, somatic cells could also physically participate in
spermatogonial dedifferentiation by actively breaking apart inter-
connected spermatogonia. Finally, because the correct 2:1 ratio
of CPCs to GSCs reappears following dedifferentiation, sper-
matogonial cysts must lose their association with accompanying
cyst cells and gain close associations with the hub and CPCs
during this process, necessitating rearrangements; perhaps the
spermatogonial protrusions discussed above reflect these
events. Although somatic cells have not yet been characterized
in live adult gonads, somatic stem cells in the Drosophila ovary
are thought to exchange positions within the Drosophila germa-
rium, suggesting that they can acquire a previously unexpected
degree of cell motility (Nystul and Spradling, 2007). It will be
interesting to determine whether similar phenomena occur in
additional niches.
Altered Signaling, Rather Than Physical Space within
the Niche, May Guide Spermatogonia to Acquire Niche
Occupancy
Although much remains to be learned about mechanisms under-
lying spermatogonial dedifferentiation in this or any other
system, our finding that partially reducing Jak-STAT signaling
interferes with dedifferentiation indicates that signals from the
niche are involved. Ectopic SOCS36E may affect the ability of
spermatogonia to upregulate STAT92E and transition into
GSCs, or it may inhibit the ability of germ cells to establish
contact with the hub. Likewise, excess SOCS36E may affect
the CPCs’ ability to upregulate STAT92E, to re-encyst the germ-
line, or to be displaced by incoming spermatogonia. There is
precedent for the involvement of Jak-STAT signaling in cell
movement in Drosophila: it sustains cell motility during primor-
dial germ cell migration (Li et al., 2003; Li, 2004; Brown et al.,
2006) and border cell migration in the ovary (Silver and Montell,
2001). Although further work is needed to establish whether
spermatogonia undergo directed movements during dedifferen-
tiation, a candidate attractant is Unpaired. Although the distribu-
tion of Upd protein in the testis is not known, it is thought to be
limited, perhaps via binding to its receptor or to the extracellular
matrix (Arbouzova and Zeidler, 2006). Our analysis of Jak-STAT
signaling activity within the niche during dedifferentiation
suggests that ligand production remains constant while pathway(A) Before expression of ectopic Bam, GSCs extend short actin-rich projections (arrowhead) into the hub, whereas four- and eight-cell spermatogonia lack protru-
sions (arrow), and gonialblasts display randomly oriented protrusions (open arrowhead).
(B) After expression of ectopic Bam, spermatogonial cysts (arrow) often do not contact the hub.
(C) The percentage of testes containing germ cells less than 3 mm from the hub throughout the time course of ectopic Bam expression.
(D) Testes appear phenotypically normal after 5 days of recovery; a rosette of polarized GSCs (arrowhead) flanked by CPCs surrounds the hub, and spermato-
gonia (arrow) fill the testis.
(E) Fine actin-based protrusions on the surface of a four-cell spermatogonial cyst (inset) at 1 day of recovery.
(F) The percentage of testes containing four-cell (blue) and eight-cell (purple) spermatogonial cysts with protrusions before, during, and after recovery.
Scale bars, 10 mm.Cell Stem Cell 5, 191–203, August 7, 2009 ª2009 Elsevier Inc. 199
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Dedifferentiation in the Testis Stem Cell NicheFigure 5. Attenuation of Jak-STAT Signaling Inhibits Spermatogonial Dedifferentiation
(A–D) Examples of GSCs (arrowheads), spermatogonia (open arrowheads), and CPC nuclei (arrow) are indicated.
(A) Testes from flies misexpressing moderate levels of UAS-SOCS36E maintain GSCs, as revealed by immunostaining for GFP (green, marks nuclei of cells
misexpressing SOCS36E), Armadillo and 1B1 (blue, marks the hub and fusomes, respectively), and Vasa (red, marks germ cells).
(B–D) Testes immunostained for GFP (SOCS36E-misexpressing cells); 1B1 (marks fusomes) and Armadillo (marks the hub) (green); Vasa (marks germ cells, red);
and DAPI (blue). (B) Before heat shock, testes from flies containing Hs-bam and UAS-SOCS36E have wild-type morphology; GFP is undetectable, as expected.
Heat-shock-inducedmisexpression of (C) both SOCS36E (green nuclei) and Bam or (D) Bam alone yieldsmorphologically indistinguishable testes: GSCs are lost,
but CPCs (arrows) and spermatogonia (open arrowheads) remain.
(E and F) (E) The average number of GSCs (± SD) and (F) the percentage of testes containing GSCs from testes represented in (B)–(D). GSCs in testes misex-
pressing SOCS36E and Bam (blue) are significantly reduced (asterisks) at 5 days of recovery, compared to testes misexpressing Bam alone (purple).
Scale bars, 10 mm.200 Cell Stem Cell 5, 191–203, August 7, 2009 ª2009 Elsevier Inc.
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Dedifferentiation in the Testis Stem Cell Nicheactivation occurs in a limited domain of select spermatogonia
near the hub. Perhaps without GSCs acting as a ‘‘sink’’ for
Upd, these spermatogonia are now able to receive Upd and acti-
vate Jak-STAT signaling. Niche signals may also promote sper-
matogonial dedifferentiation in the mouse testis: glial-cell-
derived neurotrophic factor, which is produced by Sertoli cells
and required for spermatogonial stem cell maintenance (Meng
et al., 2000), may promote spermatogonial dedifferentiation
in vitro (Barroca et al., 2008). Together, our findings suggest
that spermatogonial dedifferentiation is a regulated process
involving local niche signals rather than a stochastic one
whereby random cells encounter space within the niche and
then subsequently remain there as stem cells. Because dediffer-
entiation may be a highly conserved feature of many stem cell
niches and could be a more prevalent means of stem cell main-
tenance than is currently appreciated, building on these findings
to uncover the underlying regulatory mechanisms should greatly
add to our understanding of stem cell biology.
EXPERIMENTAL PROCEDURES
Fly Stocks
Hs-bam flies contain the P[w+; Hsp70-bam+]18d transgene inserted on the X
chromosome (Ohlstein and McKearin, 1997). nanos-Gal4-VP16 flies (Van
Doren et al., 1998) (from E. Selva) were crossed to UAS-GMA flies (Bloor
and Kiehart, 2001) (from D. Kiehart) to drive expression of GMA in germ cells.
To generate Hs-bam flies containing GFP-marked cells, Hs-bam virgins were
crossed to the following GFP-protein trap lines (Buszczak et al., 2007) (from
M. Buszczak and A. Spradling): CB03470 (hub), CC01872 (enriched in somatic
cell cytoplasm), and CB03960 (hub and CPCs). UAS-pBS-SOCS36Ewt was
from B. Callus (Callus and Mathey-Prevot, 2002). y1w*;; p{wmC = Gal4-
Act5c(FRT.CD2).P}S, P{w+mC UAS-GFP::nls 8} flies (Neufeld et al., 1998)
(abbreviated: Actin5c > CD2 > Gal4, UAS-GFP) were crossed to
pr1pwn1{ry[+t7.2] = hsFLP}38/CyO; ki1ry506 flies (Pignoni and Zipursky, 1997)
(abbreviated: Hs-FLP) to create Hs-FLP/CyO; Actin5c > CD2 > Gal4, UAS-
GFP/TM6B, Tb flies. Flies were from the Bloomington Stock Center unless
otherwise noted.
Heat Shock Protocol
Approximately 20 0- to 3-day-old adult males raised in a humidified 18C incu-
bator were placed into vials containing Drosophila food that had previously air
dried for 24 hr. Vials were partially submerged in a 37C water bath for 30 min
at 9 AM and 5 PM daily, placed in a 29C incubator between heat shocks,
and then returned to 18C after the final heat shock. Flies receiving five or ten
heat shocks were heat shocked over 48 or 96 hr, respectively; flies receiving 15
heat shocks were heat shocked three times daily over 96 hr.
SOCS36E Misexpression during Dedifferentiation
Males containing both Hs-FLP and the inducible Actin5c > CD2 > Gal4, UAS-
GFP transgenes were crossed toHs-bam; UAS-SOCS36E/CyO virgins at 25C
to create experimental flies that transiently overexpress Bam and permanently
overexpress SOCS36E upon heat shock (genotype: Hs-bam/Y; UAS-
SOCS36E/Hs-FLP; Actin5c > CD2 > Gal4,UAS-GFP/+). Sibling controls
were Hs-bam/Y; UAS-SOCS36E/CyO; Actin5c > CD2 > Gal4,UAS-GFP/+ or
Hs-bam/Y; Hs-FLP/CyO; Actin5c < CD2 < Gal4,UAS-GFP/+. Flies were heat
shocked and allowed to recover at 18C or 25C, as described above.
Immunostaining and Apoptosis Detection
Immunostaining was performed as described (Matunis et al., 1997), except
anti-STAT92E was incubated 48 hr at 4C. Primary antibodies were: rat anti-
Bam at 1:1000 (McKearin and Ohlstein, 1995) (from D. McKearin); rat anti-
BrdU at 1:40 (Serotec MC2060); guinea pig anti-zfh-1 at 1:1000 (Lai et al.,
1991) (from J. Skeath); rabbit anti-STAT92E at 1:400 (from E. Bach); rabbit
anti-STAT92E at 1:800 (from S. Hou); rabbit anti-Vasa at 1:5000 (Lasko and
Ashburner, 1990) (from P. Lasko); rabbit anti-GFP at 1:10000 (Torrey PinesBiolabs); rabbit anti-Anillin at 1:500 (Field and Alberts, 1995) (from C. Field);
rabbit anti-Phospho-Histone H3 at 1:200 (Upstate Cell Signaling Solutions);
chick anti-Vasa at 1:10000 (from K. Howard); and mouse anti-1B1 at 1:25,
mouse anti-Fasciclin III at 1:50, mouse anti-Armadillo at 1:50, and mouse
anti-EYA 10H6 at 1:50 (all from Developmental Studies Hybridoma Bank,
University of Iowa). Alexa fluor-conjugated secondary IgG (H+L) antibodies
were used at 1:200 for 568 and 633 conjugates and at 1:400 for 488 conju-
gates. Secondary antisera were: goat anti-rat 488 and 555, goat anti-rabbit
488 and 568, goat anti-mouse 488 and 568, goat anti-chick 568 and 633,
and goat anti-guinea-pig 488 (Molecular Probes/Invitrogen). Nuclei were
counterstained using 1 mg/ml 40-6-diamidino-2-phenylindole (DAPI) (Roche
Molecular Biochemical). Apoptosis was detected via TUNEL with the Apoptag
Fluorescein Direct In Situ kit (Chemicon International) according to the manu-
facturer’s instructions with the following modifications: 15 min fixation in 4%
paraformaldehyde, 15 min wash in equilibration buffer, and 1 hr incubation
with terminal deoxytransferase (TDT) at 37C.
In Vitro BrdU Incorporation
Testes were incubated in Schneider’s medium containing 20 mM BrdU for
30 min at room temperature (RT), and BrdU incorporation was detected as
described (Brawley and Matunis, 2004).
Analysis of Confocal Images
Fixed testes were mounted in Vectashield (Vector), imaged with a LSM 5
Pascal or LSM510Meta (Zeiss), and analyzed using the Zeiss software; panels
are single confocal sections unless stated otherwise. To estimate the number
of spermatogonia, we optically sectioned the testis apex, and spermatogonia
in the Z stack were counted based on Vasa expression and fusome
morphology (not all spermatogonia were included in the Z stack, but stack
size and area were consistent for all testes imaged). To determine CPC
number, we counted bright (but not dim) Zfh-1-positive cells in the testis
apex in Hs-bam; nanos-Gal4-VP16; UAS-GMA flies. Graphing and statistical
analysis were performed using Prism software (Graphpad). Averages were
compared using two-tailed Student’s t test assuming unequal variances,
and percentages were analyzed for statistical significance using a Fisher’s
exact test or chi-square test.
SUPPLEMENTAL DATA
Supplemental Data include Supplemental Experimental Procedures, four
figures, and one table and can be found with this article online at http://
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